This paper presents results of an experimental programme that suggested a correlation between levels of Acoustic Emission (AE) activity and the frictional resistance of contacting asperities of spur gears under partial elastohydrodynamic lubrication.
INTRODUCTION
An experimental investigation undertaken by Tan et al [1] to explore the application of Acoustic Emission (AE) in gearbox condition monitoring revealed a lack of understanding on the source mechanism of AE during the gear mesh, and, the gearbox operating parameters that influenced AE activity. Tan observed AE transient bursts superimposed on continuous type AE's. A continuous type AE refers to a waveform where transient bursts are not discernible [2] . Tan attributed the rate of occurrence of the transient AE burs to gear mesh frequency. Furthermore, it was also observed that the gearbox oil temperature influenced AE levels for fixed speed and load conditions. To date no investigation has directly addressed the source of AE during the gear mesh.
Boness et al [3] stated that the sliding of mating surfaces was a continuous process and as such the AE signature from such a process would be predominantly continuous with superimposed burst emissions due to rapid high-amplitude events, for instance, a single asperity fracture. The investigation reported by Boness at al [3] involved the measurement of AE for dry and lubricated contacts under pure sliding conditions. It was reported that with a full elastohydrodynamic film between highly polished surfaces no AE r.m.s activity above the electronic noise of the acquisition system, inferring that asperity contact was the prime source for the generation of AE activity. It was also noted that increasing the film thickness resulted in a decrease of AE r.m.s levels. Dornfeld's [4] investigation supports the findings of Boness though both cases detailed above were for pure sliding conditions. During the gear mesh a combination of sliding and rolling occur and it is the aim of this investigation to identify the sources of AE during the mesh. To accomplish this, the influence of speed, load and lubricating condition on AE activity were investigated under near isothermal conditions. The reason for undertaking tests in conditions of constant temperature was because Tan [1] had observed changing AE levels with variation in temperature even though the speed and load conditions were constant.
Therefore the constant temperature test were undertaken to eliminate the influence of oil temperature during tests.
EXPERIMENTAL SET-UP AND ACQUISITION SYSTEM
The test-rig employed consisted of two identical oil-bath lubricated gearboxes connected in back-to-back arrangement. The gear set employed were made of 045M15 steel with 49 and 65 teeth. Each gear had no heat treatment, a module of 3mm, a pressure angle of 20°, surface roughness of between 2-3µm and a hardness value of 137 Hv30. Three separate motors were employed offering rotational speeds of 745, 1460 and 2800rpm. The lubricant used to minimise pitting and wear was an EP SAE 80W-90, GL-4 API multigrade gearbox oil. The AE sensor used for this experiment was a broadband type sensor with a relatively flat response in the region between 100 KHz to 1MHz (Model: WD, 'Physical Acoustics Corporation'). The sensor was placed on pinion (49 teeth) with the cable feed into the shaft and connected to a slip ring. This arrangement allowed the AE sensor to be placed as close as possible to the gear teeth. The output signal from the AE sensors was pre-amplified at 40dB. The AE waveform was acquired at a sampling rate of 10MHz, whilst continuous Acoustic Emission r.m.s values were calculated in real time by the analogue-to-digital converter (ADC) controlling software; time interval 10ms at an acquisition rate of 10ms as well. Prior to the ADC anti-aliasing filters were employed.
Due to the large amounts of data collected over the test period the AE r.m.s values presented were averaged every five seconds.
EXPERIMENTAL PROCEDURE
In identifying the sources of AE during meshing of gears the influence of operational variables such as speed and load were investigated. All film thickness calculations for the varying test conditions are detailed in appendix A.
3.1
The effect of load on AE levels
The gearbox was run at 745 rpm with a load of 220 Nm for 5 hours at which time the oil temperature reached equilibrium at 40. 
RESULTS, OBSERVATIONS AND DISCUSSIONS
Under all test conditions observations of the AE waveform revealed transient bursts superimposed on continuous type AE signatures, see figure 3 . The burst type emission occurred at periods corresponding to the gear mesh frequency. Due to this obvious periodicity it was concluded that the rolling portion of the gear mesh was largely responsible for generating AE transient bursts, as seen in figure 3 . 745rpm to 1460rpm at torque conditions of 220, 147 and 73Nm resulted in an increase in AE r.m.s value of 329%, 336% and 350% respectively; whereas doubling the load from 73Nm to 147Nm at 745rpm and 1460rpm resulted in an increase in AE r.m.s of 10% and 14% respectively. In addition, tripling the torque from 73Nm to 220Nm at 745rpm and 1460rpm resulted in a comparable increase as observed when the loads were doubled, 6%
and 14% respectively. It was interesting to note that when the speed was doubled from As the CV values calculated ranged from 1% to 5% it was concluded that the variation in AE r.m.s for each test condition was within the range to be expected for experimental analysis. From these results it is apparent that load has a relatively small influence on AE levels under conditions of constant temperature. Figure 1 depicts this observation clearly;
however, speed had a significant influence on AE levels, see figure 2 . This finding has a direct correlation with film thickness levels under elastohydrodynamic lubricating conditions, where the influence of load on film thickness is negligible [5] in comparison to speed. The relatively small variation in AE r.m.s levels with load is attributed to the small variation in temperature during testing and the small influence of the load on film thickness.
As has already been discussed both load and speed influence the AE levels during sliding [3, 4] . An increase in rotational speed, and hence sliding speed of the meshing gears, will result in an increase in AE levels on the basis that asperity contact exists during the sliding portion of the mesh cycle. An increase in speed will result an increase in strain rate of the asperities in contact and this will generate higher AE levels [6] . On the contrary, an increase in film thickness at the pitch line (rolling portion of the mesh cycle), due to an increase in speed will cause a reduction in AE levels, if the source of the AE burst emission is from asperity contact at the rolling point. A thicker film will result in less asperity contact, hence less AE activity. Observations from this investigation shows that both sliding and rolling contribute to the overall AE levels observed. It is postulated that the main source of AE is due to asperity contact under sliding and rolling. This remark is based on the theoretical prediction of film thickness as experimental measurements of film thickness were not undertaken during these tests AE r.m.s levels were seen to rise over 300% with increasing speed, 745 to 1460rpm. The reason for increased AE levels with speed is attributed to the higher strain rate the asperities experience at higher speeds. However, at a rotational speed of 2800rpm the increase in AE levels were 10-fold less than observed for the speed increase from 745 to 1460rpm. This would suggest that at this speed the influence of film thickness had caused a reduction in the rate of increase in AE levels. It will be expected that a further increases in speed will actually cause a gradual reduction in AE levels as a full elastohydrodynamic film is approached. The authors argue, as observed in this investigation, that an increase in speed from 745rpm to 1460rpm, with a corresponding increase in specific film thickness (approximately 0.3 and 0.4 respectively, appendix table A) was significant in its influence on AE levels in comparison to the specific film thickness of 0.6 at 2800rpm.
The authors believe that there are four processes influencing the generation of AE during the gear mesh; high strain rates with increasing speeds, increasing film thickness in separating asperities with increasing speed, the level/amount of sliding and rolling contact during the mesh. The influence of the latter two can be related to their frictional resistance. The relationship between sliding and rolling friction has been investigated [5] .
It was shown that whilst the rolling friction traction is independent of load the sliding friction traction is influenced by the lubricant viscosity and load. Furthermore, it was shown that increasing rolling speed resulted in a reduction of friction traction for a fixed load and lubricant viscosity. Following observations presented in this paper of relatively constant AE r.m.s values at a fixed speed and temperature irrespective of load, and the reduction of relatively increasing AE levels with increasing speed, some resemblance to the phenomena of rolling and sliding friction under elastohydrodynamic lubrication is evident. The relationship between AE and sliding friction has been reported [4, 6 7] where an increase in AE levels with increased sliding speed and load was noted. In summary the authors believe that the rotational speed and specific film thickness influence the AE levels from sliding and rolling.
CONCLUSIONS
In summary the following was observed:
I. Load had minimal influence on levels of AE r.m.s under isothermal conditions II. Speed had a significant influence on AE r.m.s levels under isothermal conditions III. Sliding contact was responsible for generating continuous type AE waveform IV. Rolling contact generated AE transients at the gear mesh frequency V. The proportion of sliding and rolling contact to the generation of AE is dependent on the rotational speed of the gears and specific film thickness. There is a strong dependence of the sliding and rolling regime to the overall levels of AE.
It is proposed that the AE technique offers the potential for assessing the level of asperity contact under a variety of operational and material conditions (speed, surface roughness, lubricant temperature, etc) in real time. Further investigations will be the subject of future publications.
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